SUMMARY Fifteen chronically instrumented, conscious dogs were studied to determine whether, in the intact circulation, mechanical interactions dictated by the anatomic contiguity of the two ventricles significantly alter left ventricular (LV) dynamic geometry and systolic function during acute right ventricular (RV) hypertension. The three-dimensional geometry of the left ventricle was monitored with three pairs of ultrasonic dimension transducers; ventricular pressures were measured with micromanometers. Data collected during pulmonary artery constriction (RV pressure 68 ± 8/7 ± 4 mm Hg) were compared with control data collected at matched heart rates (RV pressure 32 ± 8/4 ± 4 mm Hg). During pulmonary artery constriction, mean calculated LV end-diastolic volumes decreased from 69.2 ± 20.0 to 56.2 ± 21.3 cm3 (p s 0.05). Mean systolic stroke volume decreased from 20.6 5.5 to 14.0 6.3 cm3 (p % 0.05). These changes were entirely accounted for by alterations in the behavior of the LV septal-free wall minor axis and rearrangements in LV equatorial geometry. When the pulmonary artery was constricted, elongation of the septal-free wall axis occurred during isovolumic systole and was accompanied by a reciprocal decrease in anterior-posterior dimension. Most of the decrease in septal-free wall dimension occurred during relaxation and early diastole rather than during ejection. Mean septal-free wall end-diastolic dimension decreased from 5.45 ± 0.69 to 4.90 ± 0.75 cm (p S 0.05). The mean systolic decrease in septal-free wall dimension fell from 0.36 ± 0.18 to 0.14 ± 0.22 cm (p S 0.05). The end-diastolic dimensions and systolic shortening of the LV anterior-posterior minor axis and base-apex major axis were not significantly altered by pulmonary artery constriction. These findings suggest that during acute RV hypertension, impairment of LV systolic function and rearrangements in LV dynamic geometry are primarily the result of the anatomic contiguity of the two ventricles.
THE LEFT and right ventricles of the heart are arranged physiologically as two hydraulic pumps in series and anatomically as a single muscular syncytium with a common septal wall. Together, they reside within the relatively noncompliant confines of the pericardial sac and mediastinal compartment. It is not surprising, therefore, that both clinical and experimental studies have demonstrated that changes in pressure and volume in the right ventricle influence left ventricular (LV) systolic function and diastolic compliance. ' 13 The available data suggest that alterations in LV geometry accompany acute increases in right ventricular (RV) loading induced either by augmented venous return or restricted pulmonary outflow. Decreases in LV volume are accompanied by disproportionate decreases in the LV septal-free wall axis dimension.4 ' 5, 10, 11 In the present study, we examined the effects of acute RV hypertension on LV three-dimensional dynamic geometry and quantitated the resulting impairment of LV systolic function in the conscious dog. The relationship between septal-free wall dimension and transseptal pressure was analyzed to determine the extent to which transseptal forces contribute to septalfree wall motion and LV dynamic geometry during individual cardiac cycles. Changes in this relationship and abnormalities in septal-free wall motion during acute RV hypertension were examined to establish whether alterations in LV dynamic geometry and systolic function result from the anatomic contiguity of the two ventricles as opposed to their arrangement as two pumps in series.
Materials and Methods

Experimental Preparation
Fifteen healthy mongrel dogs that weighed 20-30 kg underwent left thoracotomy under general anesthesia (pentobarbital, 30 mg/kg) for the implantation of instruments to measure LV and RV pressures and LV dimensions. Two pairs of pulse-transit ultrasonic dimension transducers were implanted to measure the two equatorial minor axes of the left ventricle (figs. 1 and 2). The external anterior-posterior minor axis was measured by a pair of transducers sewn to the epicardium adjacent to the anterior and posterior descending coronary arteries. The septal-free wall minor axis was measured from the midwall of the septum to the epicardium of the lateral free wall. The septal transducer was introduced through a 3-mm epicardial incision adjacent to the anterior descending coronary artery and inserted for a distance of 3.0 cm to a midseptal position in the equatorial plane of the left ventricle. A cylindri- cal introducer sheath facilitated the insertion of this transducer and its electrical lead. The introducer was withdrawn from the myocardium after the transducer was seated, and a longitudinal slot in the introducer permitted its removal from the electrical lead. In 10 of / 91| | ; | it li o.r. 0Ax.is Anterior Posterior Minor Axis FIGURE 2 . Postmortem photograph of a transverse section of the two ventricles in the left ventricular equatorial plane, lookingfrom the apex toward the base of the heart. The two pairs of transducers that measured the anterior-posterior and septalfree wall minor axes of the left ventricle are in place.
the 15 dogs, a third pair of dimension transducers was implanted to measure the base-apex external major axis of the left ventricle ( fig. 1 ). The base transducer was sewn to the epicardium at the junction of the aortic root and left atrium. The apical transducer was sewn to the epicardium in the LV apical dimple.
Silicone rubber catheters were placed in the right ventricle and left atrium for introduction of catheter-tip micromanometers into the right and left ventricles. A fluid-filled polyvinyl chloride catheter was inserted through the left internal mammary artery into the aortic arch. A fluid-filled silicone rubber catheter closed at one end by a compliant Silastic bag was positioned in the left chest at the level of the aortic arch to measure pleural pressure. Inflatable silicone rubber occluders were implanted around the main pulmonary artery and the two venae cavae. The azygos vein was ligated, and bipolar pacing electrodes were sewn to the right atrial appendage. The catheters, occluders and electrical leads were all exteriorized through the chest wall dorsal to the thoracotomy incision. The pericardium was left open and the chest was closed.
Instrumentation and Data Acquisition
The dogs were allowed to recover for 1 week before being studied. They were trained to lie quietly, right side down, on a table. Each dog received intramuscular injections of dihydrostreptomycin, 0.75 g, and penicillin 6 x 0l units, for 3 days postoperatively.
Data were collected while the dogs were awake and unsedated. LV and RV pressures were measured with micromanometers (Millar PC-350) inserted through the left atrial and RV Silastic catheters, respectively. The spatial relationship between these two transducers was standardized by positioning the LV transducer 1 cm beyond the mitral valve and the RV transducer 2 cm proximal to the pulmonary valve as ascertained from the pressure recordings. These manometers were driven with Hewlett Packard 8805C carrier preamplifiers and were zeroed and balanced at 38°C to atmospheric pressure. The zero drift of each transducer during each study did not exceed 0.5 mm Hg. The resonant frequency of the Millar micromanometer is 25-35 kHz. The sonomicrometer used in these experiments was constructed in this laboratory and has been described. 14 The system converts the transit time of a pulse of ultrasound between two piezoelectric crystals into an analog signal. The measured transit time is directly proportional to the distance between the transducers, as the velocity of sound is constant in tissues and blood. The signals are calibrated by substituting an electronically generated time delay into the circuit. The sampling rate of the sonomicrometer is 1 kHz. The resolution of the system is approximately 0.05 mm. The ultrasonic dimension transducers were also manufactured in this laboratory. Each transducer consists of a 3-mm disc of lead-titanium-zirconite mounted in a spherical lens made of clear resin coated with green epoxy. Sewing holes are drilled through the rim of each lens to permit anchoring the transducer to the heart.
Aortic pressure and pleural pressure were measured 354 CIRCULATION with external transducers (Statham P23Db) connected to fluid-filled catheters. A #6F catheter (USCI) was inserted into the Silastic catheter implanted in the left pleural space to measure pleural pressure. Aortic pressure was measured using the polyvinyl chloride catheter previously implanted in the aortic arch. The external transducers were zeroed and balanced to atmospheric pressure at the midchest level. The zero drift of the transducer measuring pleural pressure did not exceed 0.5 mm Hg during the course of each study. Analog data representing pressures and dimensions were recorded on magnetic tape with a Hewlett Packard 3968A tape recorder. A hard copy of this output was made on a Hewlett Packard 7758A paper writer. Data were collected from each dog during a baseline control period, during pulmonary artery constriction, and during a second control period when heart rate was atrially paced to match that attained during pulmonary artery constriction. Thirty minutes were allowed to elapse between interventions. During interventions, 10 minutes were allowed to elapse before any data were recorded. Ventricular pressures and heart rate were monitored as the pulmonary artery occluder was inflated. The occluder was inflated gradually, allowing peak systolic RV pressure to rise slowly (10 mm Hg every 2 minutes). The degree of pulmonary artery constriction was fixed when either peak RV systolic pressure exceeded 75 mm Hg, heart rate exceeded 160 beats/min, LV systolic pressure began to fall, or the dog became exceedingly restless. It was helpful to monitor LV pressure-dimension relationships during the course of each experiment by plotting them on a Tektronix R5 113N storage oscilloscope.
On a separate day, each dog was restudied during a transient vena caval occlusion to document the alterations in LV three-dimensional geometry that occur during cessation of inflow to both ventricles. The duration of each occlusion was approximately 30 seconds, during which time LV systolic pressure was allowed to fall to less than 25 mm Hg.
At the conclusion of each set of experiments, the dog was killed and its heart removed. The position of the midwall septal transducer was ascertained to be within 2 mm of the midwall position in each dog at autopsy ( fig. 2 ). Each septal transducer together with its electrical lead was encased in a thin tunnel (2 mm in diameter) of fibrous tissue. The papillary muscles were removed, and the mass of the left ventricle, including the interventricular septum, was measured in each dog. dium of the free wall, its measured dimension was set equal to the external septal-free wall minor axis minus one-half of the LV equatorial wall thickness.
In the 10 dogs in which all three axes were measured, we could calculate an equatorial wall thickness from the dimensions of the three LV axes and the postmortem mass of the left ventricle. This single estimate ignores the variability of wall thickness along the equatorial circumference and was obtained in the following manner. The outer volume (Vo) of the shell is calculated as -a b (c + 0.5h), 6 (1) where a = the measured major axis, b = the measured anterior-posterior minor axis, c = the measured septal-free wall minor axis, and h = wall thickness.
The inner volume of the shell (Vi) is calculated as
Equation 2 assumes that the thickness of the shell at the base and apex is 55% of the equatorial wall thickness, a relationship previously validated in this laboratory. '5 The mass of the shell (M) is equal to the difference between its outer volume and inner volume multiplied by its specific gravity (1.07 g/cm3):
By substituting for M the postmortem value of LV mass, h can be calculated from equations 1, 2 and 3.
To quantitate the size of the LV chamber in the 10 dogs in which all three axes were measured, intracavitary volume (Vi from equation 2) and midwall equatorial circumference (L) were calculated:
where A computerized algorithm was used to identify the diastolic and systolic phases of each cardiac cycle analyzed. The beginning of diastolic filling was marked at the lowest LV pressure after ventricular systole. The end of diastolic filling was marked at the lowest LV pressure after atrial systole. The beginning of the ejection phase of systole was marked when LV pressure was first equal to aortic pressure; the end of ejection was marked at the last time during systole when these two pressures were equal.
Absolute and fractional changes in LV dimensions were used to assess LV systolic function. Because significant rearrangements in LV geometry occurred during isovolumic systole when the pulmonary artery was constricted, changes in LV dimensions were computed for all of systole and also for the ejection phase of systole alone. Ten cardiac cycles were analyzed from each dog during the baseline control period, during pulmonary artery constriction, and during the second control period when heart rate was matched to that attained during pulmonary artery constriction. The dimensions of each of the measured axes as well as those of the calculated wall thickness, chamber volume, and midwall equatorial circumference were determined at the end of diastolic filling, at the beginning of ejection, and at the end of ejection. The differences between values obtained at end-diastole and at end-ejection were used to determine systolic change and fractional change in each measured LV axis and calculated dimension. The differences between values obtained at the beginning of ejection and at end-ejection were used to determine absolute and fractional changes in dimension during the ejection phase of systole. Each hemodynamic and dimensional variable was averaged over the 10 cardiac cycles. Representative x-y plots of dimensional variables vs LV transmural and transseptal pressure were generated to assess changes in dynamic geometry that occurred during interventions. . Representative analog data collected during a baseline control period, during pulmonary artery constriction, and during a pacing control period with heart rate matched to that attained during pulmonary artery constriction.
in figure 3 . RV pressure and heart rate increased during pulmonary artery constriction. The dimensions of all three LV axes were smaller than during the baseline control, but the septal-free wall axis was the most significantly affected. The septal-free wall axis was the only axis that was significantly smaller during pulmonary artery constriction than during the paced control period. There was also a distinct perturbation in the geometry of the wave form representing septalfree wall motion during pulmonary artery constriction. Motion in this axis became dyskinetic; decreases in septal-free wall dimension occurred primarily during the relaxation and early diastolic phases of the cardiac cycle, rather than during systole.
Hemodynamics and Systolic Function
The means and standard deviations of the hemodynamic data collected during baseline conditions and during each intervention are presented in table 1. Two pairwise comparisons of the means were made. First, data collected during atrial pacing at rates matched to those attained during pulmonary artery constriction were compared with unpaced baseline data to examine the effects that can be attributed to increased heart rate alone. Second, data collected during pulmonary artery constriction were compared with data collected during atrial pacing to test the effects of increased RV pressures and control for the effects of increased heart rate during pulmonary artery constriction.
Heart rates were significantly higher during atrial pacing than during baseline. LV end-diastolic pressure and peak systolic RV pressure were both significantly lower during pacing. The only significant hemodynamic differences between pulmonary artery constriction and atrial pacing at matched heart rates were higher peak systolic and end-diastolic RV pressures during pulmonary artery constriction. Changes in the behavior of LV chamber volume and midwall equatorial circumference are presented in table 2 for the 10 dogs in which these variables could be calculated. During atrial pacing, end-diastolic volume decreased from the baseline control, but this change was not statistically significant. Systolic stroke volume and fractional stroke volume were both significantly reduced from the baseline control. Although the small decrease in end-diastolic midwall circumference during pacing was not statistically significant, the decreases in systolic circumferential shortening and fractional circumferential shortening were both statistically significant.
During pulmonary artery constriction, end-diastolic volume, stroke volume, and fractional stroke volume were all decreased compared with atrial pacing at matched heart rates. Similarly, end-diastolic midwall circumference, circumferential systolic shortening and fractional circumferential shortening were all smaller than during pacing at matched heart rates. All of these differences were statistically significant.
To determine the contribution of each of the three LV axes toward the changes in LV chamber volume and equatorial circumference that occurred during each intervention, we analyzed the dimensional behavior of each LV axis (table 3) . End-diastolic dimension and systolic change in calculated equatorial wall thickness are also presented in table 3. During pacing, there were no statistically significant changes in the enddiastolic dimension, systolic shortening, or fractional shortening of the base-apex major axis compared with the baseline control. Although the end-diastolic dimensions of the two minor axes did not change significantly during pacing, systolic shortening and fractional shortening of each minor axis were significantly diminished. End-diastolic wall thickness and systolic change in wall thickness did not change significantly. However, fractional systolic change in wall thickness decreased significantly during pacing at the faster heart rates.
During pulmonary artery constriction, there were no significant changes in the end-diastolic dimension or overall systolic shortening of either the base-apex major axis or the anterior-posterior minor axis compared with atrial pacing at matched heart rates. Only the septal-free wall minor axis was significantly affected by pulmonary artery constriction. The mean end-diastolic dimension decreased by 10%; the mean systolic decrease in dimension and the fractional decrease in dimension were both diminished by 61%.
End-diastolic wall thickness increased during pulmonary artery constriction, reflecting conservation of LV mass at a smaller chamber volume. Systolic thickening and fractional thickening both decreased. All three changes were statistically significant.
The absolute and fractional changes in each of the three LV axis dimensions during the ejection phase of systole are presented in table 4. Comparable data for LV chamber volume are also shown. During atrial pacing at the faster heart rates, there were no statistically significant changes from baseline in absolute or fractional shortening of the base-apex major axis. Shortening of this axis during ejection exceeded total shortening during systole both under baseline conditions and during pacing. These findings are consistent with the findings that lengthening of this axis occurred Abbreviations: EDA = end-diastolic base-apex major axis; EDB = end-diastolic anterior-posterior minor axis; EDC = end-diastolic septal-free wall minor axis; EDWT = end-diastolic equatorial wall thickness; AA = systolic shortening of the base-apex axis; AA/EDA = systolic fractional shortening of the base-apex axis; AB = systolic shortening of the anterior-posterior axis; AB/EDB = fractional shortening of the anterior-posterior axis; AC = systolic shortening of the septal-free wall axis; AC/EDC = systolic fractional shortening of the septalfree wall axis; AWT = systolic increase in wall thickness; AWT/EDWT = systolic fractional increase in wall thickness.
during the early or isovolumic phase of systole in seven of 10 dogs. Ejection shortening and fractional shortening of the anterior-posterior minor axis were both significantly reduced during pacing. Shortening of this axis during ejection was less than the shortening that occurred during the entirety of systole, which is consistent with the finding that decreases in this axis dimension occurred during isovolumic systole in 11 of 15 dogs. Absolute decreases in septal-free wall dimension during ejection were also smaller during pacing at the faster heart rates. There was only a minimal difference between the change in septal-free wall dimension that occurred during ejection and the change in dimension that occurred during all of systole. This finding is consistent with the finding that there was no consistent change in septal-free wall dimension during isovolumic systole in the 15 dogs. On the basis of the alterations in the dimensional behavior of the two minor axes during ejection, the LV ejection stroke volume was also diminished during pacing at the faster heart rates. LV volume ejection fraction, however, was not significantly altered by pacing.
When pulmonary artery constriction data were compared with control data collected at matched heart rates, significantly smaller decreases in dimension of the two minor axes during ejection accounted for a 22% decrease in mean ejection stroke volume. LV ejection fraction did not change significantly during pulmonary artery constriction. The difference between systolic shortening and ejection shortening of the anterior-posterior minor axis widened during pulmonary artery constriction. The anterior-posterior dimension decreased during isovolumic systole in 14 of the 15 dogs; these decreases were larger than those during atrial pacing. In contrast, the decrease in septal-free wall dimension measured during ejection greatly exceeded the decrease measured during all of systole. This axis lengthened during isovolumic systole in all 15 dogs. Ejection shortening of the base-apex axis was not significantly affected by pulmonary artery constriction.
Dynamic Geometry
To illustrate the alterations in LV dynamic geometry that occurred during pulmonary artery constriction, data were projected from representative cardiac cycles as transmural pressure-dimension loops (figs. 4 and 5). The broken loops were constructed from a cardiac cycle analyzed during atrial pacing (peak systolic/enddiastolic RV pressure 33/2 mm Hg), while the solid loops were generated from a cardiac cycle analyzed during pulmonary artery constriction (RV pressure 75/ 8 mm Hg) at a matched heart rate (140 beats/min) during the same study session.
During pulmonary artery constriction, there was no significant change in the dynamic geometry of the base-apex major axis (fig. 4) . Although overall systolic shortening of the anterior-posterior minor axis was AAej = decrease in base-apex major-axis dimension during ejection; ABej = decrease in anterior-posterior minor-axis dimension during ejection; ACej = decrease in septal-free wall minor-axis dimension during ejection; AVej = ejection stroke volume; AAej/ EDA = fractional decrease in base-apex major-axis dimension during ejection; ABej/EDB = fractional decrease in anterior-posterior minoraxis dimension during ejection; ACej/EDC = fractional decrease in septal-free wall minor-axis dimension during ejection; AVej/EDVvolume ejection fraction. in the septal-free wall axis were sufficient to displace and deform the transmural pressure-dimension loops for chamber volume and midwall equatorial circumference ( fig. 5 ). During pulmonary artery constriction, LV midwall equatorial circumference and chamber volume were both smaller throughout the cardiac cycle. Circumferential shortening and stroke volume were both diminished during the ejection phase of the cardiac cycle.
The extent to which the behavior of the septal-free wall dimension was affected by the transseptal pressure gradient was determined by plotting septal-free wall dimension and velocity against transseptal pressure ( fig. 6 ). The broken loops were generated from data collected during atrial pacing at 150 beats/min (RV pressure 28/2 mm Hg), and the solid loops were generated from data collected during pulmonary artery FIGURE 6 . Transseptal pressure plotted against septal-free wall axis dimension (upper panel) and septal-free wall velocity (lower panel). The solid loops were generated from data collected during pulmonary artery constriction. The broken loops represent control data collected during atrial pacing at a matched heart rate (150 beatslmin). BD = beginning of diastolicfilling; BE = beginning of ejection; ED = end of diastole; EE = end of ejection. constriction (RV pressure 54/5 mm Hg) at a matched heart rate during the same study session. At the lower RV pressures, LV pressure exceeded RV pressure throughout the cardiac cycle. Lengthening of the septal-free wall axis occurred almost entirely during diastolic filling. Most of the decreases in this dimension occurred during the ejection phase of the cardiac cycle. During isovolumic systole and relaxation, there were only small changes in septal-free wall dimension. The septal-free wall velocity was greatest in absolute value during phases of the cardiac cycle when transseptal pressure was relatively constant (diastolic filling and ejection). Positive values of velocity (representing increases in dimension) were maximal during the early rapid filling phase of diastole. Negative velocity (decreases in dimension) was maximal during ejection. Septal-free wall velocity was close to zero during the isovolumic phases of the cardiac cycle.
During pulmonary artery constriction, septal-free wall dimension changed significantly during the isovolumic phases of the cardiac cycle when transseptal pressure was changing rapidly. In the dog whose data are shown in figure 6 , 68% of the decrease in septalfree wall of this dimension occurred during relaxation. In every dog studied, more than 50% of the decrease in septal-free wall dimension occurred after the end of ejection. Figure 6 also shows that 42% of the increase in septal-free wall dimension occurred during isovolumic systole. Peak negative velocity occurred during relaxation, as transseptal pressure became negative. Although the maximal positive velocity occurred during early diastole, a second peak in positive velocity occurred during isovolumic systole, when transseptal pressure was rising steeply.
Representative analog data collected during a vena caval occlusion are shown in figure 7 . Systolic LV pressure gradually declined to 25 mm Hg during the occlusion. During the initial phase of the occlusion, a decline in RV pressure preceded the fall in LV pressure. During this period, the diastolic dimension of the septal-free wall axis increased transiently. As LV pressure declined, the diastolic dimensions of all three axes decreased concomitantly. All of the dogs responded in a similar manner during transient vena caval occlusions. In each dog, the septal-free wall dimension increased transiently during the initial decline in RV pressure that preceded emptying of the left ventricle. There were comparable decreases in the two minor-axis dimensions and a considerably smaller decrease in the base-apex dimension during vena caval occlusions in every dog. The mean decreases in the end-diastolic dimensions of the left ventricle during vena caval occlusions were as follows: base-apex major axis, 0.61 + 0.20 cm; anterior-posterior axis, 1. 18 ± 0.21 cm; and septal-free wall minor axis, 1.01 ± 0. 34 cm. With the left ventricle nearly empty, respiratory variation in LV three-dimensional geometry was demonstrated by the study illustrated in figure 7 . During deep inspirations, septal-free wall dimension decreased while anterior-posterior and base-apex dimensions increased. 
Discussion
The experimental results illustrate two important features of acute RV hypertension. First, excessive pressure loading of the right ventricle alters both the three-dimensional dynamic geometry and systolic function of the left ventricle in the conscious dog. Second, these changes in geometry and systolic function can be accounted for primarily by changes in the dimensional behavior of the septal-free wall minor axis and alterations in LV equatorial geometry, which implies that the anatomic contiguity of the two ventricles is largely responsible for this mechanical interaction. Models of LV geometry that estimate the septalfree wall minor-axis dimension from measurements of anterior-posterior minor-axis dimensions will underestimate this mechanical interaction between the two ventricles.
The pulmonary artery constriction imposed during these experiments resulted in RV hypertension sufficient to increase heart rate and decrease LV end-diastolic pressure, but insufficient to cause systemic arterial hypotension. The results demonstrate that during this moderate degree of acute RV hypertension, mean ejection stroke volume and, therefore, cardiac output, decreased 22% relative to atrial pacing at matched heart rates. This finding implies that during each cardiac cycle, the left ventricle received 22% less blood during diastole and ejected 22% less blood during systole. Because these experiments were performed in intact preparations, the two ventricles were obligated to interact as two hydraulic pumps in series. It might be argued, therefore, that decreases in RV output accounted for decreases in LV input, manifested by decreased end-diastolic dimensions and pressure. If this were the only interaction between the two ventricles, then the changes in the diastolic three-dimensional geometry of the left ventricle would reflect passive changes in the dimensions of each LV axis that occurred as LV input decreased. The data collected during transient vena caval occlusions document the passive behavior of LV geometry during gradual cessation of RV output without RV hypertension. During the earliest phase of vena caval occlusion, decreases in RV pressure that occur before concomitant decreases in LV pressure permit rightward septal displacement and increases in LV septal-free wall diastolic dimension. However, as LV pressure and volume fall in response to decreased LV input, all three LV dimensions decrease concomitantly (fig. 7) .
The loss of LV input during RV hypertension was not accompanied by the concomitant decreases in all three LV dimensions that characterize emptying of the ventricle during the later phases of a vena caval occlusion. Although the end-diastolic dimension of the septal-free wall axis decreased significantly, the end-diastolic dimensions of the anterior-posterior minor axis and of the base-apex major axis did not change significantly during pulmonary artery constriction. A comparison of the changes in LV diastolic geometry during pulmonary artery constriction with those during transient vena caval occlusion argues that the changes in LV diastolic volume and geometry during pulmonary artery constriction are not a passive response to decreased LV input. During acute RV hypertension, LV geometry is distorted by disproportionate decreases in septal-free wall dimension. The LV equator becomes both smaller and more eccentric. Encroachment upon LV volume by the interventricular septum resulting from acute dilatation of the right ventricle could account for the observed changes in LV geometry, if it is inferred that the decreases in septal-free wall dimension observed during pulmonary artery constriction are the result of leftward septal displacement. Therefore, it appears that in the present set of experiments, the anatomic juxtaposition of the two ventricles, rather than their connection in series, was chiefly responsible for the mechanical interaction that resulted in decreased LV diastolic filling and end-diastolic volume.
The findings also suggest that the anatomic contiguity of the two ventricles accounted for the alterations in LV dynamic geometry during individual cardiac cycles and the decreases in stroke volume that occurred during systole. Decreases in total systolic shortening of the septal-free wall equatorial minor axis accounted for diminished systolic circumferential shortening and systolic stroke volume. Systolic shortening of the base-apex major axis and anterior-posterior equatorial minor axis were preserved during pulmonary artery constriction. When the pulmonary artery was constricted, there was a considerable perturbation of LV equatorial geometry during isovolumic systole. Sig- No 2, FEBRUARY 1983 nificant increases in septal-free wall dimension occurred during this phase of systole, while decreases in anterior-posterior dimension present under baseline conditions and during pacing became considerably larger. These findings suggest that in the presence of acute RV hypertension, the interventricular septum is displaced to the right during isovolumic systole, resulting in elongation of septal-free wall dimension and a reciprocal decrease in anterior-posterior dimension.
Neither of the two equatorial axes then shortens normally during ejection. The impairment of ejection shortening in these two axes may be the result of the dramatic changes in geometry that occur during isovolumic systole, but this cannot be ascertained from our data. The finding that LV volume ejection fraction was not significantly smaller during pulmonary artery constriction suggests that at least part of the deterioration in LV systolic performance may be related to a fall in preload caused by encroachment upon LV end-diastolic volume by leftward septal displacement. Left ventricular dP/dt was not significantly altered by pulmonary artery constriction, which suggests that a change in contractility did not contribute to the alterations in systolic function.
To understand the mechanism for the rearrangements of LV dynamic geometry observed, one must recognize that two phenomena can alter the dimension of the septal-free wall axis. First, as is the case for each axis of the left ventricle, lengthening and shortening of the myocardial fibers oriented in the plane of a given axis determine the dimension of that axis. Passive lengthening of the fibers ordinarily occurs during diastole as the left ventricle fills with blood according to its viscoelastic properties. Shortening of the fibers on the basis of energy-requiring chemical and mechanical interactions ordinarily occurs during the ejection phase of systole. The sequential lengthening of the myocardial fibers during diastolic filling and shortening during systolic ejection account for the majority of dimensional change in each LV axis at physiologic RV pressures. This property of the septal-free wall axis is illustrated in figures 4 and 6. At the lower RV pressures, only small changes in septal-free wall dimension occur during the isovolumic phases of the cardiac cycle, and velocity in this axis is close to zero. Septalfree wall lengthening with maximal positive velocities occurs during diastolic filling; shortening with maximal negative velocities occurs during ejection.
The second phenomenon that could account for changes in septal-free wall dimension is change in the pressure gradient across the septal wall that results in passive rightward and leftward septal displacement. The extent to which septal-free wall dimension and velocity are influenced by changes in transseptal pressure are illustrated in figure 6 . Transseptal pressures change most rapidly during the isovolumic phases of the cardiac cycle. During acute RV hypertension, significant motion in the septal-free wall axis occurs during isovolumic systole and relaxation. In fact, most of the decrease in septal-free wall dimension occurs during relaxation and the early phase of diastolic filling when transseptal pressures are falling rapidly. Nearly half of the lengthening of the septal-free wall axis occurs during isovolumic systole, when transseptal pressures are rising rapidly. The decrease in anteriorposterior dimension that occurs during isovolumic systole may also be a passive deformation of the ventricle that balances the rightward displacement of the septum and tends to preserve LV volume. These findings suggest that septal-free wall dimension and LV equatorial geometry are largely determined by changes in transseptal pressure and resultant leftward and rightward displacement of the interventricular septum during acute RV hypertension.
Tanaka et al." demonstrated that diastolic septal motion can be related to changes in transseptal pressures in open-chest dogs subjected to pulmonary artery constriction. When pulmonary artery constriction was sufficient to cause a negative deflection in transseptal pressure during early diastole, simultaneous leftward septal displacement was observed by cross-sectional echocardiography. A portion of the septum became convex toward the left ventricle during early diastole when the pulmonary artery was constricted. However, what levels of RV hypertension were required for the septal displacement and change in septal configuration is not clear. The authors reported a similar correlation between diastolic transseptal pressure and septal motion in two patients with primary pulmonary hypertension. Observations during combined echocardiography and pressure catheterization revealed that the septum moved posteriorly toward the left ventricle during an early diastolic dip in transseptal pressure. A second posterior displacement of the septum occurred immediately after atrial systole, once again coincident with a negative deflection in transseptal pressure.
Previous investigators have suggested that mechanical interactions dictated by the anatomic contiguity of the two ventricles depend to some degree on the anatomic constraints imposed by the intact pericardium.12 ' ' 16 The assumption that LV equatorial geometry remains ellipsoidal during acute RV hypertension permits calculation of wall thickness, midwall equatorial circumference, and chamber volume from three linear measurements. However, if the midportion of the septal wall bows inward and becomes either flat or convex towards the left ventricle, the LV equatorial plane becomes crescentic rather than ellipsoidal. In these circumstances, without actual measurements of wall thickness and additional LV equatorial chords, one cannot precisely quantitate the changes' in LV circumference and volume. The relatively small decrease (10%) in mean septal-free wall end-diastolic dimension during pulmonary artery constriction in our experiments argues against a reversal of septal curvature with a dramatic change in equatorial geometry, but does not rule it out.
The measured LV axes were not endocardial dimensions, and therefore the systolic behavior of each measured axis was somewhat dependent on the systolic behavior of wall thickness. Changes in the dimension of the measured septal-free wall axis reflect changes in septal and lateral wall thicknesses in addition to changes in distance between the septal and lateral walls of the left ventricle. Thus, the abnormalities in the dynamic behavior of the septal-free wall axis observed during pulmonary artery constriction reflect alterations in the behavior of both wall thickness and the distance between the septal and-free walls of the left ventricle. Because wall thickness increases during systole, shortening of the septal-free wall endocardial axis is actually greater than that-of the measured axis. A decrease in calculated systolic wall thickening occurred during pulmonary artery constriction relative to pacing at matched heart rates. In as much as this change was incorporated into the change in systolic shortening observed in the septal-free wall axis, the decrease in endocardial septal-free wall shortening that actually occurred during pulmonary artery constriction is underestimated by the change in the behavior of the septal-free wall axis measured in these experiments.
The trauma to the septal wall and the scarring resulting from the introduction of the septal transducer must also be considered. This injury could have contributed to the septal-free wall dyskinesis observed during pulmonary artery constriction. The fractional surface area of the septum involved in this process was minimal, however, and similar changes in septal-free wall motion during acute RV hypertension have been demonstrated noninvasively. ' The mechanism for the fall in LV stroke volume during spontaneous or forced inspiration is controversial. It has been argued, on one hand, that a decrease in LV filling during inspiration results in a fall in LV output. This decrease in LV filling has been attributed to an increase in the capacitance of the pulmonary vessels'7, 18 and to encroachment upon LV volume by RV dilatation and leftward septal displacement. 6' 19, 20 On the other hand, it has also been argued that LV enddiastolic volume is not decreased during inspiration, and that the fall in LV stroke volume is entirely the result of an increase in end-systolic LV volume. 21 'Although no forced respiratory maneuvers were elicited in the present study, respiratory variation in LV three-dimensional geometry was observed ( fig. 3) . Decreases in septal-free wall dimension and increases in anterior-posterior and base-apex dimension occurred during inspiration. End-diastolic and end-systolic dimensions both were affected. Similar changes 363 VOL 67, No 2, FEBRUARY 1983 in LV geometry were also present during the deep inspirations that accompanied vena caval occlusions ( fig. 7) . The effects of spontaneous inspiration on LV systolic stroke volume were not quantitated, but because three-dimensional geometry changes with respiration, the dimensions of all three axes must be accounted for if changes in LV volume are to be examined.
Our data are consistent with the hypothesis that during inspiration, ventricular interaction tends to alter the end-diastolic shape more than the end-diastolic volume of the left ventricle. As pleural pressure falls, those portions of the ventricular shell facing the intrathoracic cavity are subjected to an increase in transmural pressure, which must either be accommodated by expansion of LV volume or balanced by a fall in LV intracavitary pressure. Because the pulmonary veins are also exposed to falling external pressure during inspiration, they tend to be distended in volume by an increase in transmural pressure, and pulmonary venous return is restricted. The expansion of LV volume is thus limited during inspiration, and LV intracavitary pressure falls. The right ventricle, however, can more readily increase its volume during inspiration by accepting augmented systemic venous return. In response to a decrease in external pressure and an increase in transmural pressure, its free walls can expand outward toward the intrathoracic cavity. The interventricular septum will tend to move toward the left ventricle as the right ventricle increases in volume. Although this septal displacement alters three-dimensional LV geometry, LV volume tends to be maintained as the free walls of the left ventricle expand outward toward the intrathoracic cavity.
When the venae cavae are occluded, neither ventricle can freely enlarge in volume during inspiration. Brisk decreases in RV and LV intracavitary pressures thus occur to balance the decreases in external pressure ( fig. 7) . Presumably, the septum shifts toward the left ventricle because the decline in LV pressure leads the decline in RV pressure. Coronary venous return remains unimpeded during vena caval occlusion, and some expansion of RV volume is thus a possible explanation for this septal displacement. Otherwise, it must be assumed that the entire right ventricle is displaced toward the left ventricle and that RV volume is preserved.
The same changes in dynamic geometry and systolic function that occur during acute RV hypertension may not occur with chronic RV volume or pressure overload associated with ventricular enlargement and hypertrophy. In human studies in which LV dynamic geometry has been examined, however, similar findings have been documented. In patients with atrial septal defects and RV volume overload, angiography, echocardiography and radionuclide angiography have all demonstrated that the septum is displaced posteriorly toward the left ventricle at end-diastole and moves anteriorly toward the right ventricle during early systole. 16, The consequence of this abnormality in LV dynamic geometry is impairment of LV systolic function manifested by decreases in systolic stroke volume and systolic change in LV cross sectional area. At enddiastole, the configuration of the septum is altered so that it is either flattened or convex toward the left ventricle. During ejection, however, septal configuration reverts to its usual concavity toward the left ventricle.
Angiographic and echocardiographic data from patients with chronic pulmonary hypertension have also demonstrated comparable abnormalities in septal geometry and motion.9' " In these patients, the septal--free wall axis is shortened at end-diastole; the septum is flattened and posteriorly displaced.9 During systole, brisk anterior motion of the septum occurs initially and is followed by more gradual posterior displacement during ejection." Thus, the available data suggest that perturbations in dynamic LV geometry similar to those observed in the present study can occur during either acute or chronic overload of the right ventricle and that either volume and pressure overload can cause these changes.
We have demonstrated impaired LV systolic function at moderate levels of acute RV hypertension induced by pulmonary artery constriction in the conscious dog. Reductions in diastolic filling and systolic emptying of the left ventricle during each cardiac cycle can be accounted for primarily by abnormalities in the dynamic geometry of the septal-free wall axis and rearrangements in equatorial geometry. The findings suggest that these geometric rearrangements occur during acute RV hypertension because the dimension of the septal-free wall axis and the geometry of the LV equator are in part determined by rapid changes in transseptal pressure during the isovolumic phases of the cardiac cycle. Although preload, afterload, heart rate, and contractility have traditionally been considered the determinants of LV systolic performance, acute changes in RV pressure that cause displacement of the interventricular septum can also significantly modify the dynamic geometry and systolic function of the left ventricle. Tissue characterization of the lung has been done only recently . 6The normal lung has been modeled as a random collection of air-containing alveoli at its periphery. These structures are highly reflective of ultrasound because of multiple soft tissue-to-air interfaces. A lung affected at the periphery by pulmonary infiltrative, atelectatic or embolic disease would be expected 365
